Introduction
Crater Lake caldera serves as spectacular evidence for the recent existence of a shallow magma body in the Cascades. Given the recency of the eruption responsible for collapse of the caldera and the long history of volcanism there (see below), it is logical that one or more geothermal systems should exist in or adjacent to Crater Lake National Park. Because of this, the U.S. Geological Survey undertook detailed studies of the eruptive history of Mount Mazama, the characteristics of the volcanic rocks, and the chemistry of surface waters.
Modern geological maps of Crater Lake National Park and its surroundings are the 1:250,000 scale maps of the Medford quadrangle (Smith, and others, 1982) and the west halves of the Klamath Falls (Sherrod and Pickthom, 1992) and Crescent (MacLeod and Sherrod, 1992) quadrangles, Sherrod's (1991) 1: 125,000 map of the area north of Crater Lake, and Bacon's (unpublished, 1995) 1:24,000 scale map of Mount Mazama. Geological data used in this paper are primarily from the last source and from supporting publications and unpublished data (including K-Ar dates by M. A. Lanphere), as they cover the area of potential geothermal reservoirs associated with Mount Mazama. Information also is included from preliminary examination of core obtained from two exploration wells drilled by California Energy Company. There are no published geophysical studies of sufficient detail to be useful in evaluating geothermal resources of the area. However, geoelectrical surveys were conducted outside Crater Lake National Park by Harve Waff (University of Oregon) for California Energy Company.
Much has been learned about the hydrothermal system(s) of Mount Mazarna since the last USGS assessment of geothermal resources in the Cascades (Brook and others, 1979) . Crater Lake has been the subject of intense study because of the question of whether or not there is a significant thermal feature in the lake (Collier and others, 1991) , and temperature measurements are available from the two wells drilled by California Energy Company (Blackwell, 1994) . These data are discussed in the second part of this report.
Geological Considerations
Mount Mazama and Crater Lake caldera lie at the intersection of the High Cascade chain of volcanoes with the Klamath graben, a north-northwest-trending basin bounded by faults whose displacement is mainly in a vertical sense (Figure 1 ). At this latitude, the western margin of the Basin and Range province, characterized by north-south-to northwest-southeast-trending faults, impinges I I RN OREGON UNIVERSITY LIBRA ASHLAND, OREGON 97520
upon the High Cascades. Focusing of volcanism at Crater Lake and the longevity of this complex volcanic center are undoubtedly linked to the regional tectonic situation. North and south of Crater Lake there are many shield volcanoes of modest size and many more cinder cones with associated lava flow fields. The latter represent short-lived activity at isolated vents (monogenetic volcanoes). The shields and monogenetic volcanoes are a manifestation of the regional flux of magma all along the Cascades.
Underneath Mount Mazama
Beneath the east half of Mount Mazama is a 16x24 km field of older rhyodacite lava (Ž400 ka; probably -20 km 3 of rock; Nakada and others, 1994), itself resting on basaltic andesite on its southwest side and on andesite and dacite on the southeast (Figure 2 ). Core from the 1423-m-deep MZI-l lA drill hole 6 km east-southeast of the caldera (Figure 3) indicates that the rhyodacite is underlain beginning at a depth of 229 m by 472 in of homblende-bearing andesite or dacite (probably the flank of a composite volcano), 422 m of mafic lava flows perhaps equivalent to those exposed on the east of the Klamath graben, and >300 m of silicic tuffs that dip significantly and may be correlative with rocks in the Western Cascades. Twelve km south of the caldera, the 867-m-deep MZII-1 drill hole encountered basaltic or basaltic andesitic lavas and minor tuffs beneath 64 m of unconsolidated deposits (probably reworked ejecta from the caldera-forming eruption); below 342 m in the lava section is a 414-mthick basalt and basaltic andesite sill(?).
Structural setting
Faults defining the east and west sides of the Klamath graben continue north toward Mount Mazama (East Klamath Lake and West Klamath Lake fault zones on Figure 1 ). The West Klamath Lake fault zone passes just west of Crater Lake caldera, where it is represented by the north-south-trending, down-to-the-east Annie Spring and Red Cone Spring normal faults ( Figure 2 ). The Annie Spring fault cuts Mazama lavas as young as -50 ka on the southwest of the volcano <1 km from the caldera. The Red Cone Spring fault cuts basaltic andesite of Red Cone dated at -35 ka.
Offset lava flows dated by the K-Ar method suggest a long-term average slip rate of 0.3 mm/yr for the Annie Spring and Red Cone Spring faults for the last -300,000 years. This result is consistent with measurements of offsets in glacial moraines at the mouths of Threemile, Sevenmile, and Cherry Creeks further south along the West Klamath Lake fault zone (Hawkins and others, 1989) . The West Klamath Lake fault zone is believed to be capable of a magnitude 6 to 7 earthquake (Bacon and others, in preparation) .
Other north-south normal faults cut older rocks between the West Klamath Lake fault zone and approximately the west boundary of Crater Lake National Park (Figure 1 ). Normal faults that trend toward Mount Mazama from the East Klamath lake fault zone are buried by 400-200 ka lavas. North-northeast-trending, down-to-the east normal faults are buried by deposits of the climactic eruption and >400 ka pre-Mazama rhyodacite lava flows east of Mount Mazarna. North-south vent alignments are evident southwest and northwest of Mount Mazama, and similarly oriented dikes are exposed in the glaciated terrain in the southwest quadrant of the park. Vent alignments, dikes, and faults all indicate -east-west extension. The area is undergoing slow extension and has been for a long time because older rocks are offset more than younger ones. This regional fault system influences groundwater flow, as is clear from the occurrence of springs along the East Klamath Lake fault zone that feed the Wood River and other nearby streams and along the West Klamath Lake fault zone.
Seismicity of Crater Lake and vicinity
There is a significant variation in rates of seismicity along the Cascade Range, with the area south of Mount Hood in Oregon being particularly quiet compared to other parts of the Cascades (Weaver, 1989) . A four station array along with an ultraportable outlier station operated in the summer of 1970 at Crater Lake found that there were fewer small events at Crater Lake than at Mount Hood (Westhusing, 1973) . No events were deeper than 12 km. There is, however, a sparse record of seismicity at Crater Lake and its vicinity (Table 2 and Figure 4 ). The largest event took place in 1920 before there were almost any seismometers in Oregon, is known to have been felt at Intensity V, and has an estimated magnitude of 4+ (see references to Table 2 for sources of data). The location of the event is quite uncertain, though it is thought to have been near Crater Lake. In 1947 there was an event with estimated magnitude of 3.7 south of Crater Lake near the town of Fort Klamath. One felt event in 1982 occurred near Crater Lake while a temporary array was deployed in Oregon (Kollmann and Zollweg, 1984) . A relocation of this event by R. S. Ludwin (written communication, 1996) has moved the event closer to Crater Lake and reduced its magnitude to 1.7 from the 2.5 calculated by Kollmann and Zollweg (1984) . Subsequent to the Klamath Falls earthquakes of 1993 (located south of the map area in Figure 4 ), telemetered instruments were added to monitor the seismicity after those earthquakes (University of Washington, 1993) , and locations and detection limits for earthquakes in the vicinity of Crater Lake improved. The event shown on the map for 1993 took place a few hours after the second Klamath Falls earthquake (a magnitude 6.0) and still has a considerable uncertainty of location. The map of earthquakes in Washington and Oregon from 1872 -1993 (Goter, 1994 shows a scattering of seismicity stretching northward from Klamath Falls to Crater Lake. The catalogue for these earthquakes (R. S. Ludwin, written communication, 1996) shows that they are preliminary locations of aftershocks from the 1993 Klamath Falls earthquakes as located by the Northern California Seismic Network. Subsequent work has shown that the aftershocks do not go as far north as shown on Goter's map (Qamar and Meagher, 1993) .
In 1994 and 1995, there was a significant amount of seismicity associated with Crater Lake. The event of 94/1/26 west of Crater Lake is noteworthy in having a depth of 42 km and low-frequency wave form. In May, there were two events in the vicinity of the 1947 events near Fort Klamath. In December, there were three events (two felt) just south of Crater Lake. The depths for the two well-located events are quite shallow, indicating that they are probably tectonic rather than magmatic. In August of 1995, there were three more events near Fort Klamath. Fault planes exposed by quarrying in the Klamath Basin have steep dips (-60°) and appear to record mainly vertical displacement. Earthquake epicenters shown in Figure 4 may be associated with slip at depth on specific mapped faults, given the direction of dip of the faults, focal depths of earthquakes, and imprecision of earthquake locations. The earthquakes south of Crater Lake National Park and west of latitude 122° may have occurred along bounding faults of the Klamath graben. The 93/09/21 event may have been on the Sky Lakes fault zone, but uncertainties could place it further south as part of the Klamath Falls aftershock sequence.
Because of the improved instrumentation, the series of events in 1994 and 95 may be partly a result of better detection. Also, there is some chance that some of these events could be in response to the Klamath Falls earthquakes of 1993. Many of the events are within the Klamath graben structure, which extends from south of Crater Lake to beyond Klamath Falls. Because of burial by Mount Mazama itself, the northerly limit of this structure is unknown. Note, however, that faults contiguous with the West Klamath Lake fault zone pass just west of Crater Lake caldera and continue on to the north (Figures 1 and 2 ). The area around Klamath Falls in the Klamath graben has had significantly more seismicity in the last 50 years than has Crater Lake (see list in Sherrod, 1993) . Earthquakes documented in Table 2 are not very abundant considering the probable size and state of the Crater Lake magma chamber, the number of tectonic faults in the region, fault scarp heights, and the known recency of displacement on the West Klamath Lake fault zone. Given the short recorded history of human occupation of the Crater Lake area, this could be an anomalously quiet time.
Monogenetic volcanoes
Besides Mount Mazama, other volcanoes in the park are monogenetic shields and cinder cones that erupted basalt, basaltic andesite, and andesite from before the onset of Mazama volcanism until as recently as early Holocene time (Bacon, 1990; Bacon and others, 1994) . High-alumina olivine tholeiitic basalts (HAOT) occur along the Rogue River south of latitude -42°56' (apparently -1 Ma in age there), erupted from a vent 2 km eastsoutheast of Bald Crater, and can be traced in Castle Creek to within 8 km of the caldera, where they are buried by climactic ignimbrite. Early Holocene HAOT, the youngest mafic lava in the area, vented at three places near Castle Point. Other tholeiltic basalts northwest of the caldera may be late Pleistocene. Similar rocks are present elsewhere in and east of the Cascades (Hart and others, 1984) . They represent melts from depleted mantle that has been modestly enriched in large-ion lithophile elements (LILE) (Bacon and others, 1994) . Most HAOT in the Crater Lake area did not experience large amounts of differentiation in the crust and, therefore, are of little geothermal significance other than to indicate the longevity and areal extent of mantle-derived magmatism.
Vents that produced LILE-rich calcalkaline basalt, basaltic andesite, and andesite are far more numerous than those that erupted HAOT. The least differentiated of the calcalkaline magmas originated in mantle domains that are notably enriched in LILE as a result of modem subduction of the Juan de Fuca and Gorda plates (Bacon and others, 1994) . The calc-alkaline lavas of monogenetic vents are similar to magmas that fed the Mazama magmatic system.
Vents for crystal-rich calc-alkaline basaltic andesite and andesite occur only within -6 km of the caldera and are <100 ka in age. This observation has significance for geothermal resource potential. The crystals provide evidence for subsurface cooling of magma, as most of the crystals in these lavas appear to be derived from cumulate crystal mush or gabbro, presumably resident in the mid to upper(?) crust because of focusing of intrusion near Mount Mazama. Crystallization, partial or complete, requires loss of significant amounts of heat to wallrocks and therefore may provide a heat source for geothermal systems.
Vents for basaltic andesite and andesite surround Mount Mazama (Figure 1 ), although ages vary widely and there generally are few vents in any given area. High Cascades basaltic andesites are exposed as far west of Mount Mazama as the Rogue River (longitude -122°27'), which approximately marks the boundary with the Western Cascades (-122°30'), but there is only one known <100 ka vent west of Mount Mazama (other than early Holocene HAOT near Castle Point; compare Figure 1 with Figure 2) . Similarly, east of the caldera there is only one lava flow (andesite of Scott Creek) from a monogenetic vent that is <100 ka (Figure 1) . Most of the monogenetic eruptive activity occurred north and south of Mount Mazama, along an 10-15-km-wide zone that might be called the High Cascades axis. Magma feeding the Mazama magmatic system beneath the main edifice presumably would have been intruded dominantly along this same zone. Within 8 km of the caldera rim there are 8 known vent areas that are <100 ka in age. There are indications that most of the younger basaltic andesitic and andesitic magmas were rich in H 2 0, such as the -40 ka lavas of Red Cone (c. 1-2 km 3 ) and the large (>8 km3), -20 (?) ka Timber Crater shield. This property may have aided in development of the high-level chamber containing fractionated silicic magma.
Mount Mazama proper
Mount Mazama was made up of several overlapping basaltic andesitic to dacitic shield and stratovolcanoes, including flank vents that produced thick lava flows, active episodically from Ž400 ka to -40 ka (Bacon and Lanphere, 1990) . The center of active volcanism gradually migrated westnorthwestward as the volcano grew. Rocks older than -100 ka commonly are hydrothermally altered in caldera wall exposures. Glacial ice was present high on Mount Mazama throughout much of its history and descended as valley glaciers several times.
The composite volcano of Mount Mazama (Figure 2 ) initially erupted low-silica dacite with abundant andesitic enclaves (inclusions of chilled magma drawn up from deeper in the system) c. 400 ka. In the ensuing 300,000 years, many sequences of low-silica dacite, andesite, and, locally, basaltic andesite lavas vented from different centers, each for a comparatively brief period, to build the edifice. The duration and the temporal continuity of volcanism near Crater Lake are similar to those of other Cascade volcanic centers (e.g., Lassen: Clynne, 1990; Mount Adams: Hildreth and Lanphere, 1994) .
At about 70 ka, several km 3 of dacite erupted as lava flows and pumice falls (tephra of Pumice Castle). During the same period, homblende basaltic andesite and pyroxene andesite, both rich in LILE and H 2 0, built a large composite cone (part of Mount Mazama) that includes what is now Hillman Peak on the west rim of the caldera. Vents for the dacitic eruptions spanned a WNW-ESE distance of 7 kin, so there may have been a sizable, integrated magma body at that time. The most voluminous of these dacitic lavas and pyroclastic rocks that remain after collapse of Crater Lake caldera vented on the east near Cloudcap. The intensity of volcanic activity at -70 ka, and particularly the eruption of voluminous dacite, suggest that related intrusions may still exist as significant heat sources.
Andesite again erupted and formed lava flows on the southwest and north slopes of the volcano around 45-50 ka. Dacitic eruptions occurred at -50 ka, producing a pyroclastic flow and The Watchman lava flow, and again -35 ka, when dome(s) were emplaced southwest of Mazama's summit and Williams Crater was active (basaltic andesite mingled with dacite; Figure 2 ). After this time, only rhyodacite erupted until near the end of the climactic eruption.
The last 30,000 years
Crater Lake partly fills the 8x1O km diameter caldera that collapsed -7700 years ago (6845±50 yr. B.P. 14C date: Bacon, 1983 ) during the climactic eruption of Mount Mazama. This eruption vented -50 km 3 of mainly rhyodacitic magma. After the andesitic and dacitic eruptions of Mount Mazama had ceased, the shallow magma chamber responsible for the catastrophic eruption produced several rhyodacite lava flows and associated pumice deposits between -30 and 24 ka, and in the last few hundred years before the climactic eruption . This chamber lay at a depth of 25 km (Bacon and others, 1992) and developed in the remains of an older granodiorite pluton (Bacon and others, 1989; Bacon, 1992) . The climactic eruption took place over a few days, toward the end of which the caldera collapsed. This eruption produced a classic, compositionally zoned pyroclastic deposit that represents the rather orderly venting of a shallow, stratified magma body (Druitt and Bacon, 1986 , 1989 Bacon and Druitt, 1988) . Pumiceous pyroclastic-flow deposits fill valleys around Mount Mazama to depths of -100 m ( Figure 2 ) and extend as much as 70 km from the caldera. Unconsolidated lithic breccia, which is the proximal facies of the pyroclastic flows, occupies the heads of valleys and is found on the slopes of Mount Mazama. These two units drastically affect surface drainage and shallow groundwater flow.
Postcaldera volcanic activity was restricted to the caldera ( Figure 5 ). Andesitic lava and pyroclastic material formed the central platform, Merriam Cone, and Wizard Island within a few hundred years of caldera collapse, while the lake was filling. A small rhyodacite dome east of Wizard Island was emplaced later, -5000 yr. B.P. (-4000 14C yr. B.P.)
Products of the climactic magma chamber
The shallow body of magma which fed the caldera-formning eruption of Mount Mazama is known as the climactic magma chamber (Bacon, 1983) . The growth and compositional evolution of its magmas can be tracked through study of rhyodacite lava domes and their enclaves leaked from the chamber from -30 ka until the time of the climactic eruption .
The first erupted products of the climactic magma chamber are believed to be the differentiated rhyodacite that forms the -30-24 ka flows of Grouse Hill, Steel Bay, and Redcloud Cliff ; Figure 2 ). These contain andesitic enclaves with moderate LILE contents (enclaves in Holocene rhyodacites have notably higher LILE concentrations), are homblende phryic, and have lower phenocryst equilibration temperatures (850°C versus mainly 880°C) than younger rhyodacites (Druitt and Bacon, 1989) .
The first known eruptions of rhyodacite compositionally identical to the climactic ejecta resulted in emplacement of the 12 small domes of the Sharp Peak group on a radial trend northeast of the caldera. Textures of these rocks and lack of any known correlative tephra suggest they vented degassed magma from a dike, probably moving laterally from the climactic chamber. The age of the Sharp Peak domes is uncertain. They have been slightly modified by glaciation at an elevation of 5500-6000 ft, suggesting they are >13 ka, and their paleomagnetic pole position suggests an age between Redcloud Cliff and Holocene rhyodacites . Their pre-eruptive temperature was identical to that of the climactic rhyodacite (see below). A small, late Pleistocene rhyodacite dome south of Crater Lake at Bear Bluff also may have been fed by a lateral dike from the climactic magma chamber.
Holocene eruptions from the climactic chamber first produced the Llao Rock pumice fall and lava flow (7015±45 14C yr. B.P. = 7890±74 calendar yr. before 1990; conversion to calendar years through tree-ring calibration), then the Cleetwood pumice fall and lava flow. Because the Cleetwood flow was still hot when the climactic eruption started (Bacon, 1983) , the ages of Cleetwood and climactic events are the same within the resolution of any of our dating methods (climactic eruption: 6845±50 1 4 C yr. B.P. = 7708±62 calendar yr. before 1990). The Llao Rock magma was somewhat more differentiated than, and the Cleetwood identical to, the climactic rhyodacite. Preeruptive temperatures ranged from about 850'C for early Llao Rock pumice to 880'C for late Llao Rock and the other rhyodacites (Druitt and Bacon, 1989) . The Llao Rock eruption tapped a local pocket of differentiated magma near the roof or margin of the chamber. Compositional and thermal uniformity of climactic rhyodacite indicates that the main volume of sificic magma was vigorously convecting. The Cleetwood and Llao Rock lavas contain andesitic enclaves with LILE contents that are different for the two units and greater than those of inclusions in the 24-30 ka rhyodacites. Presence of enclaves with different trace element abundances indicates that the climactic chamber was fed by several discrete pulses of andesitic magma. Bacon and Druitt (1988) considered the enclaves in the rhyodacites to be samples of "new" parent magma from which younger rhyodacite magma evolved. A model for this process is given in Bacon and Druitt (1988) and Bacon (1988, 1989) . Figures 6 and 7 depict the magma chamber and the properties of its contents. The climactic rhyodacite was underlain by cumulate mush whose temperature increased downward. The chamber apparently grew incrementally over a period of >23,000 yr by injection of mostly andesitic magma. If the minimum area of the chamber can be represented by the subsided part of the caldera floor, it represents a disk about 5 km in diameter. As 50 km 3 of magma erupted, mostly rhyodacite but including subordinate andesitic to basaltic crystal mush, the chamber could have been 2-3 km thick. Reasonable additions of appropriate volumes of cumulates (Druitt and Bacon, 1989) and increases in the diameter of the chamber offset each other, so that the thickness of material known to have been above solidus temperature probably was between 2 and perhaps 5 km. The depth to the top of the chamber was 25 km (Bacon, and others, 1992) .
Granitic rocks
Granodiorite and related rocks ejected as blocks during the climactic eruption show that the deep walls of the chamber were melting at the time of the eruption (Bacon and others, 1989; Bacon, 1992) . These granitic rocks were quarried by the eruptive process from an unexposed high-level pluton very like the Tatoosh pluton near Mount Rainier (Fiske and others, 1963) . Strontium isotope systematics imply that the pluton is Miocene in age (Bacon and others, 1994) . The pluton underlies at least the -20 km 2 area within the structural boundaries of the caldera.
Oxygen isotope data indicate that the granitic rocks exchanged with low-18 0 meteoric hydrothermal fluids to varying degrees before reequilibrating at high temperature (Bacon and others, 1989) , which reached 1000°C in some samples (Bacon, 1992) . New analyses of quartz and plagioclase in unmelted granodiorite from the climactic ejecta and from two samples from Pleistocene eruptive units suggest that the hydrothermal alteration commenced between -70 (dacite of Pumice Castle) and 24 ka (rhyodacite of Redcloud Cliff; Bacon, 1992) . Hydrothermal exchange is facilitated in areas of extensional tectonics, such as the vicinity of Crater Lake and the Klamath graben. The above data and observations on the granitic rocks suggest that: (1) one or more hydrothermal systems were active over an area of Ž20 kM 2 (area of subsided block of caldera; granitic blocks occur in the ejecta all around the caldera) as the climactic magma chamber was developing; (2) the immediate wall rocks to the chamber became closed to fluid flow as local temperature increased during growth of the chamber; (3) heat from the magma chamber was moving through the immediate walls by conduction (the width of the conductive zone is unknown and could have been rather small).
Postcaldera volcanism
The spectacular compositional zonation of the climactic ejecta and the dominance of dense, crystal-rich blocks at the top of the section suggest that much of the silicic magma in the chamber erupted in the caldera-forming event. However, physical models of zoned eruptions suggest that this is unlikely. Postcaldera volcanism gives a clue but does not entirely resolve the issue. About 3 km 3 of andesite was erupted in a period of a few hundred years after caldera collapse (Nelson and others, 1994) from vents in the central, western, and northern regions of the caldera ( Figure 5 ). This andesite may be a hybrid of left-over rhyodacite and crystal mush, or, more likely, may be "new" magma. A small hornblende rhyodacite dome (c. 0.03 kM 3 ) was emplaced on the east flank of Wizard Island about 5000 yr. B.P.. The preeruptive temperature of this rhyodacite was 840'C. It probably is a differentiate of postcaldera andesitic magma (now largely crystallized), but its composition has not been reproduced by any simple model. The character of postcaldera volcanism suggests that Crater Lake remains a focus of magmatic activity but that a large, shallow body of crystal-poor silicic magma probably is no longer present. Magma remaining in the chamber after the climactic eruption may have crystallized to the point where it is too viscous to erupt.
Nature of the crustal magmatic heat source
The observations enumerated above indicate that magmas have been crystallizing in the mid-to upper crust beneath Mount Mazama off and on for >400,000 yr. The most recent documented episode, in which the climactic magma chamber developed, affected an area of 20 kM 2 and possibly 75 km 2 (a somewhat arbitrary maximum value). The upper surface of that magma body lay at Ž5 km depth and was at 880'C 7700 yr. ago. Near its geographic center, it was still at 840 0 C 5000 yr. ago (pre-eruptive temperature of postcaldera rhyodacite). We have no information on its present thermal state.
Estimate of magmatic heat
A minimum estimate of heat transferred from the climactic magma chamber to its surroundings can be obtained from the volume of crystal cumulates estimated by Druitt and Bacon (1989, p. 258) . If we assume the -50 km 3 of magma ejected in the climactic eruption represents all of the contiguous silicic magma that was present 7700 yr. ago, a limiting case which will result in a minimum heat value, and that as a first approximation all of that magma formed by differentiation of andesitic magma, then -150 km 3 of cumulates should have been produced. Formation of the cumulates would have involved cooling of hydrous andesitic magma from a 1030 'C nearliquidus temperature to the 880'C preeruptive temperature of the rhyodacite and growth of crystals while the residual liquid evolved to silicic composition. The heat liberated by this process would consist of contributions from three sources: (1) latent heat of crystallization of -100 km 3 of crystals (the cumulates are approximately two-thirds crystallized); (2) heat content of the crystals and the liquid from which they grew; and (3) heat content of the -100 km 3 of silicate liquid (-50 km 3 ejected plus -50 km 3 remaining as intergranular residual liquid in the cumulate mush). An estimate of the total heat liberated can be obtained in the following manner. The -100 km 3 of hydrous rhyodacite and residual melt had a mass of 2.2x1017 g and the crystals a mass of 2.9x1017 g (for densities of 2.2 and 2.9 g cm-3 , respectively). We approximate the modal compositon of the cumulate crystals by a 3:1 plagioclase:mafics mixture and calculate a latent heat of crystallization of 446 joule g-1 (estimated from heats of fusion given by Lange and Carmichael, 1990) , or 129x10 1 8 joule for the assumed mass of crystals. The specific heat of this mixture of crystals is a nearly linear function of temperature over the interval 880-1030°C and can be approximated as 1.22 joule g-1 deg-1 (Robie and others, 1978) . The specific heats of silicate liquids, which are approximately temperatureindependent, can be calculated from the liquid compositions using the partial molar heat capacities given by Stebbins and other (1984) , yielding values of 1.39 joule g-1 deg-1 and 1.43 joule g-1 deg-1 for rhyodacite and andesite, respectively. Because of the temperature invarience of the specific heats in question, we approximate the specific heat of crystallizing andesitic magma as the mean of the values for the crystal mixture and rhyodacitic melt, i.e., 1.31 joule g-1 deg-1.
Multiplying by the mass and temperature change gives 57x 1018 joule for (2). Component (3) is simply the mass of rhyodacite times its specific heat times the temperature change, or 43x10 18 joule. Summing all three contributions gives a rounded (minimum) value of 230x 1018 joule for the total heat liberated during differentiation of the climactic magma chamber (Table 1) .
The differentiation process appears to have taken place over a period of -30,000 years, and the average rate of heat loss to form the crystals would be 240 MWt. On the other hand, using the formula in Smith and Shaw (1975, p. 62) , the total heat transfer for a conductive model of a 20 km 2 magma chamber would be 42x1018joules. Thus the total heat transfer resulting from cooling and crystal growth is over five times what one would estimate based on a conductive model (Table 1 ). The conductive model has most of the heat transfer taking place early in the time period because the heat transfer rate decreases with the square root of time. We believe that the crystallization model is superior to the conductive one because it is based on data specific to the Mazama magma chamber.
The minimum total heat remaining in the chamber at the end of the climactic eruption can be estimated at 400x 1018 joule (Table 1) by calculating the heat that would be liberated by crystallization of the above-hypothesized 50 km 3 of intergranular liquid (-50x 1018 joule) and the change in enthalpy of the resulting crystals, plus 100 km 3 of cumulus crystals (total of 4.Ox1017 g), in cooling to 25 0 C (H 880 -H 25 = 875 joule g-1 of crystals; estimated from heat contents given by Robie and others, 1978) . The minimum total heat added to the upper crust is then 230+400 = 630x1018 joules. A more sophisticated thermal model is not warranted because of significant uncertainty in the volume of the system. Assuming that the current rate of hydrothermal convective heat loss of 102 MWt (see Surface thermal data) has persisted for 7700 years (Table 1) , which is probably a minimum estimate of convective heat loss, the chamber and the surrounding upper crustal rocks would have lost 25x10 1 8 joules (at this rate, the heat currently in the chamber would be dissipated in -90,000 yr.). In comparison, the conductive formula in Smith and Shaw for a 20 km 2 chamber yields a conductive heat loss estimate of 21x 1018 joules.
The total heat currently in the upper crust probably is less than our estimate of -630x1018 joules for the heat added to the upper crust. The heat lost from the chamber during crystallization (230x 1018 joules) may have been added to thermal water and then discharged to the surface. At the current rate of hydrothermal convective heat loss, the convective heat flow over the last 7700 years has probably removed at least 25x 1018 joules from the chamber. If the rate of convective heat transfer has been decreasing since the climactic eruption, as suggested by silica spires on the lake floor (Figure 8 ; see Water geochemistry), additional heat may have been lost from the chamber. If we assume that both the heat lost during differentiation of the climactic magma (230x 1018 joules) and the hydrothermal heat flux subsequent to the climactic eruption (25x1018 joules) were removed from the upper crust, the chamber still has -375x 1018 joules of stored thermal energy (Table 1) , which is still quite a large upper-crustal thermal anomaly. In comparison, Smith and Shaw (1975) estimated that the heat stored currently in the magma chamber is 770x 1018 joules by assuming a chamber volume of 320 km 3 and that the most recent eruption was 700 years ago. Although the stored heat estimates are quite comparable (somewhat fortuitously), we believe that our estimate of 375x1018 joules (Table 1) is more realistic than that of Smith and Shaw because it takes hydrothermal convection into consideration and is based on new information on volumes, ages, and magma chamber dynamics. We believe that the most appropriate value for the time since the last eruption is 7700 years because all postcaldera andesitic volcanism ceased within a few hundred years of that time and because the 5000-year-old rhyodacite dome appears to represent a volumetrically insignificant eruption of liquid related to cooling of the remains of the magma chamber.
If we accept the minimum chamberarea of 20 km 2 and assume that the roof of the climactic magma chamber was at 5 kin, eruption of 50 km 3 of magma would have lowered the roof by 2.5 km to a depth of 7.5 km. The remaining thermal energy in the hypothesized cylindrical magma chamber would then lie between the depths of 7.5 and 15 km. In all likelihood, however, the chamber was not strictly cylindrical and was larger than the 20 km 2 minimum area, so that the subsidence of the roof indicated by Crater Lake caldera would have preserved an annular shallow heat reservoir. All of the caveats in Smith and Shaw (1975) apply to the present estimate of heat in the upper crust (e.g., preheating, continuing addition of andesitic or basaltic magma, hydrothermal circulative loss, etc.).
Modification of the stored heat estimate most likely would increase it because the magma chamber volume on which it is based is a minimum value and because all of the heat of crystallization may not have been lost by hydrothermal convection. Moreover, the heat stored in the remains of the climactic magma body and the effect of development of the climactic magma chamber are thought to overwhelm any other source of heat input to the upper crust since the climactic eruption (e.g., cooling of a pluton associated with the >400 ka pre-Mazama rhyodacites, crystallization of intermediate-composition magma during growth of Mount Mazama, development of the source chamber(s) for -70 ka and younger dacites). It is possible, however, that local heat sources related to preclimactic magmatism remain viable outside the area of the caldera, such as a shallow body a few km in diameter that might be associated with the -70 ka dacites just east of the caldera or a dike system related to Sharp Peak and associated rhyodacite domes.
Structure of the caldera floor and its relation to hydrothermal systems Nelson and others (1988) presented results of a seismic reflection study of the caldera floor in which they mapped sediment thickness (up to -100 m) and identified a ring of possible secondary explosion craters, presumably above a ring fracture zone (Figure 8 ) marking the boundary of the subsided block and where inflowing groundwater would have encountered hot intracaldera tuff. What lies below "acoustic basement", the maximum depth of recorded seismic reflections, can only be speculated upon. There is probably several hundred m to >1 km of caldera fill consisting of welded tuff and intercalated landslide breccia. This material would rest on the subsided block, or blocks, composed of the remains of Mount Mazama and its underpinnings. Modem hydrothermal systems might form convection cells within the intracaldera section, probably bounded laterally by the ring-fracture zones (considerably inboard of the topographic caldera rim) along which the block(s) subsided. Hydrothermal convection cells outside of the structural limits of the caldera would be expected to be independent of intracaldera cells.
Gravity anomaly of the Crater Lake magma chamber The characteristics defined above of the probable current state of the Crater Lake magma chamber permit a calculation of what the gravity anomaly should be. The existing magma body is believed to be 150 km3 in volume with its top at around 7.5 km. Although the shape is likely to approximate a cylinder with an area of 20 km2 (diameter of 5.0 km) and a thickness of 7.5 km, the gravity signature may be reasonably modeled by a sphere of the same volume with a diameter of 6.6 km. The 2/3 of the volume that is crystals has an assumed density of 2.9 g/cm 3 , and the 1/3 that is liquid probably is 2.4 g/cm 3 . The average density is thus 2.73 g/cm 3 . Williams and others (1988) use a near-surface density of 2.45 g/cm 3 for their Bouguer anomaly map to model the lowdensities of volcanic rocks in the upper few kilometers. Williams and Finn (1985) derive a density value of 2.2 g/cm 3 to minimize the anomaly from volcanic topography and to emphasize anomalies from a subvolcanic source in the upper few kilometers. Below a depth of sea level, they assume the surrounding density is 2.45 g/cm 3 . At the depth of the Crater Lake magma chamber, densities are likely to be closer to the standard crustal density of 2.67 g/cm 3 . Thus the likely density contrast is 2.73 -2.67 = 0.06 g/cm 3 , though the contrast could be as high as 0.3 g/cm 3 . Figure 9 shows the gravity anomaly for a sphere (e.g., Dobrin, 1952, p. 16-17) for two values of density contrast to bracket this range. Gravity anomalies at Crater Lake have been studied by Blank (1968) and Williams and Finn (1985) . Williams and Finn (1985) model a subvolcanic intrusion between sea level and -2 km with a density of 2.86 g/cm 3 surrounded by rocks with a density 2.45 g/cm 3 The interpolated gravity anomaly that they model has an amplitude of 15 mgals and represents a volume at depth of more than 25 km 3 of dense material. The anomaly shown in Figure 9 would not be easily separated from the effects of shallower density contrasts modeled by Williams and Finn. The colored gravity map of Williams and others (1988) shows very little radial symmetry that the model for Figure 9 requires, and the anomalies are much larger in amplitude indicating significant density contrasts in the near surface. The Klamath graben, south of Crater Lake, has a pronounced gravity low that can be traced almost to Crater Lake itself. There is clearly a complex three-dimensional density structure in the area of Crater Lake that would make the detection of the anomaly shown in Figure 9 very difficult.
Conclusions from geological information
The vicinity of Mount Mazama and Crater Lake caldera has been a focus of magmatic activity for more than 400,000 years. It is an area of repeated silicic volcanism. The caldera defines the minimum area of a shallow magma chamber that vented some 50 km3 of magma 7700 years ago. Petrologic information suggests that the depth to this chamber was -5 km before the caldera collapsed. Crystal cumulates and melt remaining in the climactic chamber, presumably now mainly at depths 27.5 km, and the surrounding rocks probably together contain at least 375x 1018 joules of stored heat.
Hydrothermal system(s) of Mount Mazama
Drill hole and spring data indicate that there are thermal water flows in the caldera and south and east of the caldera on the flanks of the volcano. Data concerning these thermal water flows are presented below, and they permit estimates of stored thermal energy to be made. Figure I shows the location of the springs in the Wood River Valley identified as thermal by Nathenson (1990a), and Figure 8 shows thermal springs on the floor of Crater Lake identified by Collier and others (1991) . The springs in the Wood River Valley have large flows with temperatures ranging to -10'C (Nathenson, 1990a). They are thermal springs in the sense of being noticeably higher in temperature than other springs on and around Mount Mazama, but their temperatures are too low to satisfy the definition of thermal as being 10°C above local air temperature used by Reed (1983) . They are chemically similar to Crater Lake water, but isotopic data show that they are not leakage from Crater Lake (Thompson and others, 1990) . Their anomalous amounts of chloride and sulfate indicate that they have undergone water/rock interaction beyond that of low-temperature weathering (Nathenson and Thompson, 1990) . The range in temperature and spring composition shows that the springs are a series of mixed waters with an unknown hot end-member composition. Nathenson and others (1994) have calculated that they represent a convective heat discharge of 87 MWt (Table 1) . Collier and others (1991) found pools on the floor of Crater Lake with slightly elevated temperatures compared to lake water (Table 3 and Figure 8 ). Higher temperatures measured in bacterial mats ranged to 19'C, qualifying as a low-temperature geothermal resource using Reed's (1983) definition. The total convective heat discharge into Crater Lake was measured using several techniques and was found to be 15-30 MWt (Table 1) . Dividing this total heat discharge by the 31 km 2 area of the deep part of the lake as represented by the 300-m depth contour yields an average heat flow of 480-970 mW/M 2 . Regional heat flow in the high Cascades of Oregon is about 100 mW/M 2 (Blackwell and others, 1990) . Thus, this estimate of the average heat flow into the bottom of Crater Lake is approximately 5-10 times the regional value. Heat flow measurements in the sediments of Crater Lake using oceanographic techniques found that 12 out of 62 measurements were higher than 300 mW/m 2 , and 7 of those 12 were greater than 550 mW/m 2 (Williams and von Herzen, 1983) . Although technically these are "conductive" heat flows because they are calculated as the product of thermal conductivity times the measured temperature gradient, the high values reflect convection of water either through the sediments or localized in a nearby vent. Some of the pattern of high measured heat flow values (Figure 8 ) is confirmed by the locations of fluid venting reported by Collier and others (1991) and also shown in Figure 8 . Collier and others (1991) were unable to make a systematic search of the caldera floor for other locations of fluid venting, but it seems likely, based on the heat flow survey, that there are additional areas where active fluid venting is taking place.
Surface thermal data
The convective heat discharge into Crater Lake is the third largest in the United States part of the Cascades; only Austin Hot Springs (at 36 MWt; Mariner and others, 1990) and Lassen Volcanic National Park (120 MWt; Sorey and Colvard, 1994) are larger. The convective heat discharge from the springs in the vicinity of the Wood River of 87 MWt is close to the value for Lassen. The implication of the large convective heat discharge apparently from Mount Mazama in the Wood River area is that there must be a high heat loss associated with some remnant of the climactic magma chamber. Accepting a hydrothermal heat-transfer rate of about 102 MWt from the springs in the vicinity of the Wood River and from the inflow to Crater Lake and assuming that the rate of heat loss has been at least that value for the last 7700 years, the total heat loss is 25x10 18 joules (Table 1) , or 6% of the total heat content of the magma chamber after the climactic eruption 7700 years ago. Smith and Shaw (1975) estimate that the conductive heat transfer over the last 700 years was 17x1018 joules, assuming that the magma chamber began conductive heat loss at that time and that it had a surface area of 50 km 2 . More recent data indicate that the magma body probably has been cooling for about 7700 years and that the chamber area may be closer to 20 km 2 than 50 km 2 . The corresponding calculation would result in somewhat greater total conductive heat transfer of 21x10 18 joules (Table 1) .
Subsurface thermal data Figure 3 shows temperature data (Blackwell and Steele, 1987; Blackwell, 1994) from the two industry drill holes on the flanks of Mount Mazama (Figure 1 ) along with a line showing a 50'C/km regional geothermal gradient for the Cascades. Geologic interpretations of drill core also are presented in Figure 3 . Hole MZII-1 located near the south boundary of the park shows a variable pattern of temperatures as a function of depth that may partly reflect disturbance from drilling. However, temperatures are notably high at shallow depths. The drill hole is within the Klamath graben, 4 km west of the East Klamath Lake fault zone that controls the locations of springs near the Wood River and may penetrate the warm aquifer feeding these springs. Three km west of the drill hole, late Pleistocene basaltic andesite dives beneath intervening pyroclastic-flow deposits of the climactic eruption and may be projected toward the hole. The massive basaltic andesite and basalt sill(?) encountered by the drill hole at 342-756 m may restrict water flow to zones above and below. Flow is likely in the porous top of the lava flow below the sill that is part of a >111 -rn-thick section of basalt or basaltic andesite lava flows.
Hole MZJ-1 LA is located just east of the park boundary (Figure 1 ). The first temperature log (Blackwell and Steele, 1987) was taken when the hole was 413 m deep (Priest and others, 1987) with data to 405 m. When the second temperature log was taken, the water level in the open pipe in the drill hole was at 372 m (La Fleur, 1990) . The water level corresponds to the region of high gradient in lava flows and breccias of the homblende-bearing andesite/dacite volcano near the bottom of the first log. Data taken above the water level in the second log have not been included on Alteration is ubiquitous in core from hole MZI-l lA, beginning in the 2400 ka preMazama rhyodacite lava. Overlying, fresh andesite of Scott Creek is late Pleistocene in age. Hull and Waibel (1989) reported U-Th disequilibrium data that constrain the age of authigenic calcite in samples from 262 to 389 m depth, all within the hornblende dacite lava flows and breccias beneath pre-Mazama rhyodacite (Figure 3) . Results for most samples imply precipitation ages of >350 ka. None yielded an apparent age <120-160 ka. The hydrothermal system which deposited the calcite may have been related to early Mount Mazama, including Mount Scott, which was active in the -350-400 ka interval (Bacon and Lanphere, 1990) . Figure 10 is a cross section from the southwest quadrant of the caldera, through drill hole MZI-1 lA, ending east of the preMazama rhyodacite field (Figure 1, A-A') . The area of bacterial mats on the lake floor is shown. Anderson Spring is from a perched water table, defined by the base of unconsolidated pyroclastic-flow deposits of the climactic eruption (lithic breccia of Druitt and Bacon, 1986 ) like many other non-thermal springs on Mount Mazama, well above the water table indicated by the level of Crater Lake and the drill hole. The water level in MZI-l lA is 407 m below the level of Crater Lake. Sammel and Benson (1987) modeled the hydrologic system of Mount Mazama, with one of their cross sections being just slightly north of section A-A' shown in Figure 1 . Their model was able to reproduce the water level measured in this drill hole using leakage from the lake and a regional water table defined by Klamath Marsh to the east. The flow direction near the water table at the location of the drill hole is generally horizontal with a slight downward component. The high temperatures found near the water table in the drill hole are not well explained by their model. This may indicate that, in this sector, there is actually very little leakage from the lake and the water table is set by a balance of recharge and regional discharge. Recharge in the high-elevation area near the lake may actually be limited, because the downward flowing water is forced outward in perched aquifers such as that feeding Anderson Spring.
Water geochemistry
Chemical data for fluid samples are given in Table 3 for the deep part of the lake, Llao's Bath and a Palisade Point pool from the floor of the lake, and the source of Crooked Creek as the most concentrated sample of the springs in the vicinity of the Wood River. These data can be used to address the relation between pool chemistry and lake chemistry and the relation between the various concentrated samples. Fluid-chemistry samples from Llao's Bath and the Palisade Point pool (Table 3) show enrichment in those elements necessary to explain the composition of Crater Lake compared to the available water supply from precipitation and runoff from the caldera walls (Collier and others, 1991) . Table 4 presents the major-ion chemistry as equivalent percents and ion mass ratios for selected constituents. The equivalent percentages shown in Table 4 for magnesium and chloride, for example, indicate that the waters from the pools are different in relative concentrations from each other and from that in Crater Lake (see also Figure 11 ). This difference in relative concentrations can be more easily assessed from the mass ratios in the last two columns of the table. The ratio Na/Cl is 1.0 in the lake, but it is 1.8 and 2.9 in the pools. Assuming that the major determinant of lake chemistry is the concentrated inflows, there are two possibilities to explain this difference. One interpretation is that the major fluid source feeding the lake has not yet been found. A second is that the hydrothermal system at Crater Lake is evolving, and that the chemistry of the warm water has recently (but more than 50 years ago, Nathenson [1990b]) changed. An indication that this might be the case is the discovery of apparently inactive silica spires near Skell Head in the north basin southeast of the Palisade Point pools (Figure 8 ). The precipitation of silica indicates a higher temperature at these locations than any yet measured on the lake floor. The sample from the source of Crooked Creek is most similar to Crater Lake water (Figure 11) , although it has a notably lower lithium concentration (Table 3) . The difference in silica concentrations is partly explained by diatoms consuming silica in Crater Lake water (Nathenson, 1990b) .
Stable isotopes
The stable isotopic compositions of water for samples from Llao's Bath and the Palisade Point pool show that the source of the water is circulating lake water and that the water has probably not undergone hightemperature (>200'C) reaction with rock (Collier and others, 1991) . The water samples from Llao's Bath and the Palisade Point pool have essentially the same hydrogen and oxygen isotopic compositions as lake water. Deuterium values in spring samples in the vicinity of Crater Lake are quite different from lake water, because the hydrogen and oxygen isotopic compositions of precipitation in the lake are modified by evaporation. If the water feeding the pools had a deuterium content similar to that of the springs before mixing with lake water, the pool samples would have to mix with 10 to 20 parts of lake water in order to end up with a deuterium content that is indistinguishable from lake water. The carbon-14 content of the sample from Llao's Bath shows that it can be no more than 50 % unmodified lake water (Collier and others, 1991) . The dissolved oxygen content of the sample for the Palisade Point pool is very low, indicating very little mixing with welloxygenated lake water (Collier and others, 1991) . Thus, the deuterium contents of the pools are only slightly modified from that for the fluid that feeds the pools, and the source of the fluid in the pools is lake water that has circulated to depth to be heated and react with rock. Like that of hydrogen, the oxygen isotopic composition of lake water also is modified by evaporation, and it can undergo additional change if water reacts with rock at high temperature. Collier and others (1991) have calculated the change in oxygen isotopic composition of water for various ratios of water to rock as a function of temperature. Unless the water to rock ratio is very high, the similarity of the oxygen isotopic composition of the pool samples and lake water indicates that equilibration temperatures are less than 200 0 C.
Chemical geothermometry
Chemical geothermometer temperatures calculated from major-element concentrations for the pool samples suggest that inflow temperatures are higher than measured temperatures (Table 3 ). The calculation of geothermometer temperatures for the composition of lake water is not strictly appropriate, because the lake water is clearly a mixture of a more saline water with water from precipitation and springs on the caldera walls. The pools provide more appropriate samples for geothermometer calculations, but their high magnesium concentrations compared to calcium and potassium concentrations indicates caution in using geothermometer temperatures. In most thermal waters, magnesium concentrations are very low, because magnesium preferentially stays in the solid phase when water reacts with volcanic rock at elevated temperatures. Accordingly, in some waters, high magnesium concentrations indicate that the water is equilibrated at low temperature. However, in other cases, high magnesium concentrations are caused by mixing a higher-temperature water with a cold water and subsequent reaction at the mixed temperature. Geothermometer temperatures (chalcedony, Mg-Li, K-Mg) for Llao's Bath range from 500 to 90'C and for Palisade Point pool from 350 to 70'C. Based on the high magnesium concentration, the Mg-corrected Na-K-Ca geothermometer relations of Fournier and Potter (1979) would indicate that the water has equilibrated at the spring temperature (for example the 19'C temperature measured in one mat). Collier and others (1991) report Na-Li geothermometer temperatures of 165 0 C for Llao's Bath and 11 0IC for Palisade Point pool, but these high temperatures are not corroborated by other geothermometers. Na-K temperatures are 245 0 C for Llao's Bath and 151 0 C for the Palisades Point pool, but the Na-K geothermometer is not reliable for lowtemperature waters.
Helium isotopes
Collier and others (1991) have made an extensive study of helium isotope systematics for Crater Lake and pool water samples. They found that the warm water flowing into the lake has 3 He/ 4 He ratios characteristic of mantle sources. The usual interpretation of such a mantle signature in a volcanic area is that the excess 3 He was exsolved from magma, along with other volatiles, during ascent and crystallization. Helium derived from the degassing magma is then incorporated in and transported further by the water. This can be used to argue that there may be higher fluid temperatures than any geothermometers have indicated but also is consistent with long-term degassing of subsurface magma whether or not a high-temperature hydrothermal system is present.
Comparison with Mount Hood
An interesting comparison can be made to Swim Warm Springs on the flanks of Mt. Hood, Oregon. The measured spring temperatures there range to 26 0 C, and the geothermometer temperatures (including sulfate oxygen isotopic equilibrium) range from 300 to 1 10'C (Table 3) , also with high magnesium contents (Wollenberg and others, 1979; Mariner and others, 1990) . The chemistry of Swim Warm Springs (Figure I 1) is interpreted by Wollenberg and others (1979) to result from a higher temperature water (=l 10 0 C to 150'-200 0 C) from near the central vent of the Mount Hood volcano flowing in the subsurface, mixing with cold water, and re-equilibrating some of its constituents to the mixing temperature. A similar model, but with the higher temperature water originating in or beneath caldera fill, could explain the chemistry of waters sampled in the two pools in Crater Lake.
Geothermal resources
The igneous history of Mount Mazama, Crater Lake caldera, and their surroundings indicate that substantial mid-to upper-crustal magmatic heat sources have been present at several times in the Quaternary. The remains of the most recent shallow magma chamber and its wallrocks must still contain a large quantity of heat (>375x 1018 joule; Table 1 ) that could support active geothermal systems. The case for geothermal resources is strengthened by the evidence for tectonic extension, which should facilitate circulation of fluids in fault zones and related fracture systems.
Evaluation of active hydrothermal systems is based on the temperature and chemistry of spring and lake waters and on data from two exploration wells. The similar but not quite identical chemistry of the source of Crooked Creek (as representative of the Wood River group of springs) compared to Crater Lake water indicates that the water has undergone a similar water/rock interaction, but it is not part of the same hydrothermal system. The differing chemistry of Llao's Bath and the Palisade Point pool from each other and from the major inflow of warm water to Crater Lake may indicate that processes in the near-surface of the lake floor are important in determining the chemistry of warm water or that there are some very local circulation systems within the lake floor. The known chemistry does not indicate reservoir temperatures higher than about 90'C. Although one can argue that the outflow zone of the springs in the Wood River Valley may actually represent a separate system, geothermometer temperatures for the outflow and springs within the lake are reasonably similar, and so little is known about the characteristics of the hot end-member for either system that lumping them as a single system is reasonable. This geothermal system is likely to be entirely within the National Park and could be called the Crater Lake hydrothermal system.
The system within the caldera and extending with the outflow zone to the south may reasonably be assumed to have a minimum temperature of 40'C, a maximum of 100'C, and a most likely of 50'C. Because of the large convective heat discharge, wide-scale distribution of vents, and high heat flow within the caldera, areas should be set at minimum = 10 km 2 (ring fracture fault zone; Nelson and others, 1988) , most likely = 20 km 2 (minimum area of magma chamber), and maximum = 40 km 2 (area of most of caldera). For perspective, the area of the lake is 53 km 2 , and the area of the 300-m depth contour is 31 km 2 . For thickness, we use the default values of Brook and others (1979) of 1, 1.5, and 2.5 km. Applying the methodology of Brook and others (1979) , the stored thermal energy is 5.1+9.2x10 1 8 joules.
The drill hole MZI-1 A intersected a hydrothermal system that does not appear to be contiguous with the Crater Lake system. A reasonable interpretation of the 130'C measured in drill hole MZI-1 1A, which is not readily explainable from the geothermometer data obtained from any spring sample, is that it is related to a different circulation system from that feeding warm springs in the lake. Based on these notions of separateness, it is proposed that the hydrothermal system associated with the drill hole be given mostlikely and minimum temperatures of 130'C and a maximum temperature of 150'C. There are no data to support any estimate of area, and it is proposed that the system be assigned default minimum and most likely areas of 1 and 2 km 2 . One can argue that the drill hole has sampled an outflow zone on the edge of a hydrothermal system. The heat source could be from relatively young intrusive rocks related to 70 ka dacites near the caldera rim, and the area of the system could be defined as a circle between the caldera rim and the drill hole or 28 km 2 maximum area. With the default areas, the system can be assumed to lie half inside and half outside of the National Park. For the speculative maximum area, the system would lie almost entirely within the National Park. For thickness, we use the default values of Brook and others (1979) of 1, 1.5, and 2.5 km. Based on the drill hole being in the Mazama unit of the Winema National Forest, the hydrothermal system could be called the Mazama hydrothermal system. Applying the methodology of Brook and others (1979) , the stored thermal energy is 5.7±3.6x 1018 joules. Brook and others (1979) did not estimate stored thermal energy for the hydrothermal systems in the Crater Lake area because there were almost no data with which to characterize them. Bloomquist and others (1985) use the area within which the Curie isotherm is 5-7 km below sea level for their estimate of the area of the thermal anomaly associated with Crater Lake. They use the regional conductive thermal structure for the Oregon Cascades to define the thermal structure and reservoir thickness. Mean temperature is 1 85 0 C, and mean reservoir area is 3150 km 2 . Their calculated stored thermal energy above 5°C is 1630+760x1018 joules (above 15°C, 1540±720xl018joules), over two orders of magnitude larger than the values calculated in this study. The major difference is the estimate of subsurface area. The use of the area of anomalous depth to Curie isotherm to define a reservoir area is speculative and leads to a very large value (3150 km 2 ; the area of the Crater Lake magma chamber as proposed in this study is only 20 km 2 ). The area of monogenetic volcanoes in Figure 1 is quite large, but these are unlikely to represent much of a thermal anomaly in the upper 3 km. Although there is still considerable uncertainty in the temperature and area of the thermal anomaly at Crater Lake, it does not seem likely that it is anywhere near as large or as hot as proposed by Bloomquist and others (1985) . Black (1994) also used a conductive thermal regime to estimate resources in the Cascades by township-sized blocks. He did not assess the thermal energy in hydrothermal systems but defers to Brook and others (1979) for those values. Under the township that includes MZI-l lA, Black (1994) estimates a temperature of 150'C at 2.25 km and 190'C at 3 km, based on a thermal gradient of 53.3 0 C/km and a heat flow of 112 mW/m 2 . Although the temperature values are reasonable, they are a bit optimistic based on the temperature log shown in Figure 3 . However, this thermal regime is also proposed to underlie a strip 2 or 3 sections wide stretching north and south through Crater Lake, including the area of MZII-1. The data for MZI-1 lA clearly indicate the existence of a hydrothermal system that invalidates the use of a regional conductive thermal model to assess geothermal resources between 0 and 3 km. The data for MZII-I probably also indicate a hydrothermal system. Whether the regional thermal model is valid away from the immediate vicinity of Mount Mazama is unclear based on the available data.
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